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ABSTRACT
With a growing global population, food security and waste management strategies
are needed (FAO, 2002b); insects have been promoted for these goals. Black soldier fly larvae
(BSFL) are endorsed for their ability in decomposition and use as feed (Bava et al., 2019; Swett
Walker, 2018). Studies show the life cycle of BSFL is impacted by bacterial supplementation
(Franks et al., 2021; Kooienga et al., 2020). We seek to determine the effects of supplementing
BSFL diet with Pseudomonas putida 3P. We conducted two forms of a 10-day bench-top study
observing larval mass, frass conversion, C:N content, and ammonia production with
supplementation of Pseudomonas putida 3P in single and double-doses. Supplementation with P.
putida results in roughly 1.5X larger larval wet and dry mass, variable concentrations of
ammonia, and approximately 1.15X smaller C:N ratios in frass. This suggests interruption of
larval rearing may affect volatile ammonia concentrations and inhibit P. putida behavior.

ACKNOWLEDGEMENTS
The author expresses her sincerest thanks to those without whose support this dissertation
could not have manifested. First and foremost, to Dr. Heather Jordan for her constant exuberance
and contagious passion for this subject which inspired the progression of this research. Then, to
Evo Conversion Systems, LLC for supplying our Black Soldier Flies, Jack Varco, PhD and his
research assistant Drew Dygert from the Plant and Soil Sciences Department of Mississippi State
University for the use of key nitrogen and carbon compound analysis. The author would also like
to express gratitude to the Sustainable Bioproducts Department, Mississippi State University,
especially to El Barbary Hassan, PhD and his post-doc Islam Elsayed for their help in supplying
the necessary tools and knowledge for calorimeter analysis. Finally, the author would like to
recognize the members of Jordan Lab, Dawe Lab, and other members of the Biology Department
essential for moral support and key in conducting the experiments. Their names are as follows:
Jillian Masters, Soumyadip Kundu, Belle Ferrebe, Ronald J. Kelley, Zariyat Rashid, Austin
Drury, and Gisele Andrade.

ii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ............................................................................................................ ii
LIST OF FIGURES .........................................................................................................................v
CHAPTER
I.

BACKGROUND AND INTRODUCTION ......................................................................1
1.1

Global Problems ....................................................................................................1
1.1.1 Consideration of Resources for Cultivating Food: Quality and Quantity
Concerns ..........................................................................................................1
1.1.2 Current Means of Supporting Large Farms .....................................................3
1.1.3 Ecosystem Services and the Costs of Losing Them ........................................5
1.1.4 Diminishing Waste Created by a Growing Population ...................................7
1.1.5 Non-biodegradable Waste ...............................................................................8
1.2
Black Soldier Fly (Hermetia illucens) .................................................................11
1.2.1 Growing Interest of use of BSFL as Feed and Food .....................................12
1.2.2 Logistics of Rearing BSFL ............................................................................12
1.2.3 BSFL for Insect-Microbe-Mediated Bioremediation ....................................13
1.2.4 Waste Reduction Capabilities of BSF ...........................................................14
1.2.5 Current Limitations for Application of BSF for Waste Management ...........15
1.3
Pseudomonas putida 3P for Insect-Microbe Mediated Bioremediation .............17
1.3.1 The Genus Pseudomonas – A Broader Context ............................................17
1.3.2 Pseudomonas putida as a Plant Stimulant and Biodegrading Agent ............18
1.4
Hypothesis, Objectives, and Rationale ................................................................19
1.4.1 Hypothesis .....................................................................................................20
1.4.2 Objectives ......................................................................................................21
1.4.3 Rationale ........................................................................................................21
1.5
Significance of Research .....................................................................................22
II.

MATERIALS AND METHODS ....................................................................................23
2.1
2.2
2.3

Insect Colony .......................................................................................................23
Bacterial Culture Conditions ...............................................................................24
Experimental Design ...........................................................................................24
2.3.1 Run Experiment .............................................................................................24
2.3.1.2 Life History Analysis ..............................................................................27
2.3.1.3 Time-Point Experiment ...........................................................................28
iii

2.4
2.5
2.6
2.7
III.

DNA Isolation and Quantitative PCR for Detection of Pseudomonas putida Over
Time .....................................................................................................................29
Ammonia Analysis ..............................................................................................30
Bomb Calorimeter Analysis ................................................................................30
Total Carbon and Nitrogen, C:N Ratio Determination .......................................31

RESULTS ........................................................................................................................32
3.1

Endpoint (Run) Experiment ................................................................................32
3.1.1 Life History Analysis ....................................................................................32
3.1.2 Quantitative PCR for Detection of Pseudomonas putida Over Time ...........36
3.1.3 Ammonia Concentrations ..............................................................................37
3.1.4 Bomb Calorimetry .........................................................................................38
3.1.5 Wet and Dried Frass Mass .............................................................................39
3.1.6 Total Carbon and Nitrogen and C:N Ratios ..................................................41
3.2
Time Point Experiment........................................................................................44
3.2.1 Life History Analysis ....................................................................................44
3.2.2 Quantitative PCR Analysis of Pseudomonas putida 3P Over Time ..............48
3.2.3 Ammonia Concentrations ..............................................................................50
3.2.4 Bomb Calorimetry .........................................................................................52
3.2.5 Total Carbon and Nitrogen and C:N Ratios ..................................................53
IV.

DISCUSSION..................................................................................................................56
4.1
4.2
4.3
4.4
4.5

Larval Mass and Energy ......................................................................................56
Frass Mass and C:N Ratios..................................................................................57
Ammonia .............................................................................................................58
Detection of P. putida across Time Points and Treatments .................................59
Future Directions .................................................................................................59

REFERENCES ..............................................................................................................................61

iv

LIST OF FIGURES
Figure 1.1 A photograph of an adult Black Soldier Fly (Hermetia illucens, dorsal view) ..........11
Figure 2.1 A larval rearing container used in experiments is depicted. .......................................26
Figure 3.1 Average masses of live (wet) larvae by treatment and time intervals with
standard deviation. ......................................................................................................32
Figure 3.2 Dry Larval Mass (in grams) after 10 Days with standard deviation. .........................33
Figure 3.3 Percent Water Loss (in grams) per Larvae upon Drying with standard
deviation. ....................................................................................................................34
Figure 3.4 Conversion ratio of Dried Frass Mass to Dried Larval Mass after 10 days
with standard deviation...............................................................................................35
Figure 3.5 Mean Concentration Pseudomonas putida across Frass and Larval
Treatments at Day 10 with standard deviation. ..........................................................36
Figure 3.6 Mean Ammonia Concentration (ppm) Detected Across Treatments After 10
days with standard deviation. .....................................................................................37
Figure 3.7 Mean Energy Output (MJ/Kg) of Larval Biomass After 10 days with standard
deviation. ....................................................................................................................38
Figure 3.8 Wet Frass Mass (g) By Treatment Group After 10 Days with standard
deviation. ....................................................................................................................39
Figure 3.9 Dry frass mass (g) per treatment group after 10 days with standard deviation. .........40
Figure 3.10 Average Percent Carbon Remaining in Frass After 10 Days Across
Treatments with standard deviation............................................................................41
Figure 3.11 Average percent Nitrogen Remaining in Frass After 10 Days Per Treatment
Group with standard deviation. ..................................................................................42
Figure 3.12 C:N Ratio Per Treatment in Frass After 10 Days with standard deviation. ...............43
Figure 3.13 Wet (live) Larval Mass by Treatment Over Time with standard deviation. ..............44
v

Figure 3.14 Dry Larval Weights by Treatment Group over Time with standard deviation. .........45
Figure 3.15 Mean Percent Water Loss of Dried Larvae Over Time with standard
deviation. ....................................................................................................................46
Figure 3.16 Conversion of Dried Frass Mass to Dried Larval Mass Over time with
standard deviation. ......................................................................................................47
Figure 3.17 Detection of Pseudomonas putida 3P Over Time across Frass Treatments
with standard deviation...............................................................................................48
Figure 3.18 Mean Concentration Pseudomonas putida across Frass Treatments over Time
with Standard Deviation. ............................................................................................49
Figure 3.19 Ammonia (ppm) Concentration By treatment Across Early Time Points (<24
Hours and 72 Hours) with standard deviation. ...........................................................50
Figure 3.20 Ammonia (ppm) by Treatment at Late Time Points (7 Days and 10 Days)
with standard deviation...............................................................................................51
Figure 3.21 Average Energy (MJ/Kg) of Dried Larvae Over Late Time Points (Day 7 and
Day 10). ......................................................................................................................52
Figure 3.22 Average Percent Carbon Remaining in Frass Over Time with standard
deviation. ....................................................................................................................53
Figure 3.23 Percent Nitrogen Remaining in Frass Over Time with standard deviation. ...............54
Figure 3.24 The C:N Ratio of Dry Frass Across Treatments Over Time with standard
deviation. ....................................................................................................................55

vi

CHAPTER I
BACKGROUND AND INTRODUCTION
1.1

Global Problems
The global population is expected to increase to 16 billion by the year 2050 (FAO). In

order to feed this larger population, food production would need to increase by 70%. Under
current practices, we are not expected to meet this demand. Currently, we cannot feed the
number of people already living on the planet, as the current estimate death toll is just over 9
million people per year (FAO, 2002b). Th projected population is expected to plateau in 2100
and begin an eventual decline due to unsustainability; therefore, the need to feed the population a
nutrient rich diet will be a prominent ethical and logistical concern with many complicated facets
(FAO, 2002b). Challenges with feeding future generations include consideration of resources for
growing and/or rearing food, quality of nutrients provided from what we choose to raise,
distribution of the food, and eventually dealing with the waste created in the process.
1.1.1

Consideration of Resources for Cultivating Food: Quality and Quantity Concerns
The current means of cultivating food for humans and as feed for livestock, aquaculture,

and poultry is to utilize land for farms for major cash crops such as corn, rice, soybeans, and
wheat (Bloukounon-Goubalan et al., 2020; FAO, 2002b). This method of farming creates a
demand for large plots of land that need to be rich in nutrients to sustain a large crop yield. A
common way to measure the overall “health” of soil is using a carbon:nitrogen ratio (C:N). C:N
ratios are a measure of the mass of carbon to the mass of nitrogen in a substance. It is especially
1

important to understand C:N ratios when planning large-scale agricultural systems. (USDA,
2011).
Carbon: nitrogen ratios are important for overall soil health, which includes the needs of
soil microorganisms, as they are essential in the decomposition and turnover of carbon and
nitrogen compounds ultimately available to crops. Soil microbes require a C:N of approximately
24:1 to maintain their own metabolisms and to have a consistent supply of carbon for energy
(USDA, 2011). If the microbes are given a carbon-heavy material to break down with a ratio
above 24:1, they will need excess nitrogen in order to metabolize and process the excess carbon.
Conversely, if a nitrogen-rich substance is added, meaning the C:N is less than the desired 24:1,
the microbes will consume all the carbon and leave an excess of nitrogen in the soil. Most
compost systems strive to achieve a ratio of 30:1 to keep a running supply of nutrients for
microbes to grow and consume new additions to the compost heap (USDA, 2011).
Crop cover is also important for maintaining the health of soil used in agriculture. Cover
crops are essential in providing protection from rain, wind, water evaporation, and sunlight
exposure while also restoring important nutrients to the soil for the next crop rotation. The type
of cover crop planted can influence the structure and metabolic potential of the soil microbial
community to increase crop yield for the next rotation. Picking the right cover crop to plant
between seasons involves knowing how long the plant will provide physical protection and
chemical/microbial benefits to the soil. The wrong type of cover crop could either grow too
quickly, only covering the soils for a short amount of time, or it could grow for too long,
retaining too much water in the soil. Water retention and drought are both conditions that invite
plant pests and diseases. A balance must be achieved between the amount of time crops can

2

provide soil protection and the nutrients they will provide to the soil and microbes upon
decomposition (USDA, 2011).
Consideration must also be given to the physical trauma to soil when large agricultural
operations are carried out. Leaving bare soil exposed before the next crop rotation can cause
important soil arthropods and microbes to either die out or disperse, resulting in a decline of soil
health (USDA, 2010). The soil is also more exposed to the sun, causing water to evaporate at a
much faster rate. Tilling ground to remove large root systems and mix fertilizers into the topsoil
can alter important Rhizobia and other microbes that form symbiotic relationships with plant
roots to exchange nitrogen compounds and water-retention for plant sugars (Depret et al., 2004).
This can potentially lead to a demotion in decomposition and a looser soil structure, ultimately
promoting erosion over time. In short, large-scale farming can completely alter the physical
structure of the soil, and it could take years of careful planning and resource-intensive efforts to
maintain a C:N ideal for mass crop production.
1.1.2

Current Means of Supporting Large Farms
Sustainability in farming has been a major concern for decades (Lalander et al., 2013;

Surendra et al., 2020; Trautmann, 1996; Xiao et al., 2018) because of the resource and space
requirements necessary to maintain large-scale poultry and livestock operations. Supporting
these farms usually requires large fields and/or buildings, a large feed supply consisting of
mostly grain, safeguards against animal and plant pathogens, and a waste management system.
Not only has providing space for livestock and poultry contributed to fragmentation or deletion
of large ecosystems, it has also consistently contributed to increasing greenhouse gas
concentrations (Andren, 1999; Brooks et al., 2002; Hanski, 2011).

3

Greenhouse gases such as methane (CH4) and carbon dioxide (CO2) trap heat in the
atmosphere (EPA, n.d.-b). “In 2019, CO2 accounted for about 80 percent of all U.S. greenhouse
gas emissions from human activities” (EPA, n.d.-b). The main human activity contributing to
this percentage was the burning of fossil fuels for travel, electricity, and industry. Plants can
make use of this CO2 for growth and maintenance, and as of 1990, the US has seen an increase in
the amount of CO2 absorbed from the atmosphere by plants than what is emitted (EPA, n.d.-b).
Methane is also produced as part of the normal digestive process for livestock like swine,
sheep, and cattle. The U.S. estimates that around 27% of its methane emissions come from
enteric fermentation, which is almost equal to what is produced by natural gas and petroleum
systems (30%) (EPA, n.d.-b; GCP, 2003). More relevant to this project’s goal is the 9% of
methane emissions that are contributed from manure management (EPA, n.d.-b). Microbes in
manure stored in holding tanks or bodies of water emit large amounts of methane, and if we seek
to expand livestock and aquaculture practices for the sake of feeding a growing population, we
will also need to consider the repercussions of managing the increased amount of waste. The
U.S. has seen a decline of about 15% in methane emissions since 1990 (EPA, n.d.-b; GCP, 2003;
Roque et al., 2021). Cautious planning in land use and manure management has contributed to
these positive changes, but research in emissions will still be necessary to prevent the worsening
of centuries of damage.
Though not a greenhouse gas, ammonia volatilization also decreases soil health through
the loss of nitrogen from the soil system, resulting in less soil nitrogen being converted into
nitrates and nitrites. This leads to a shift in the C:N ratio as described above with impacts to
microbial functioning, plant and soil health, and indirectly, water quality. Ammonia
volatilization commonly takes place when nitrogen is in the form of urea that may originate from
4

animal manure, insect metabolism and resulting frass (insect droppings), urea fertilizers and, to a
lesser degree, the decay of plant materials. Ammonia volatilization is most likely to take place
when soils are moist and warm or alkaline, and when the source of urea is on or near the soil
surface.
Finally, large fields and roads required for raising and transporting livestock means
deforestation and displacement of numerous species found in the desired plot. This displacement
accompanied by the shrinkage of ecosystems can lead to habitat loss of important organisms and
ecosystems responsible for major services humans rely on (Eldridge et al., 2016; Hanski, 2011;
Rochman et al., 2016)
1.1.3

Ecosystem Services and the Costs of Losing Them
Currently, we can identify 4 different categories of “free” services that ecosystems

provide to humans (Ecosystem Services | National Wildlife Federation, n.d.), and that are
potentially impacted by increased food cultivation practices. There are provisioning services that
produce a diversity of goods for use such as compounds for medicine, timber for fuel and
construction, and food for consumption. Regulating services provide air and water purifying
processes, pollination services, decomposition and waste management, erosion and flood control,
and climate regulation. Non-material benefits from cultural services contribute to human societal
development and advancement. These involve the roles of ecosystems and inter-organismal
relationships in the building of knowledge and the spreading of ideas. Support services are
fundamental and intrinsic to ecosystems themselves. Support services include the underlying
natural processes such as photosynthesis, nutrient cycling, and the water cycle that entire
ecosystems rely on in order to flourish. Without support services, the other 3 categories would
not exist (Ecosystem Services | National Wildlife Federation, n.d.).
5

Ecosystem shrinkage would lead to a loss in these essential services for maintaining our
current ways of life. Habitat loss results in a decline of natural resources, or provisional services,
and ultimately a decline in biodiversity. Biodiversity is important for providing ecosystem
services such as disease resistance, nutrient cycling, novel bioproducts, predatory resistance, and
protection from potentially harmful invasive species (Brooks et al., 2002; Butchart et al., 2010;
Hanski, 2011). Biodiversity, especially in plant and soil science, is essential for reducing the
speed of depletion of nutrients, and maintaining a large distribution of essential nutrients in the
earth (NSW, 2018). Furthermore, as the population of one species begins to dominate one
habitat, the amount of resources needed to sustain that species exponentially increases in direct
response to the population growth, and as a result, that resource is quickly depleted.
Likewise, biodiversity is important for removal of waste. As mentioned previously, soil
microbes are responsible for a large amount of nutrient turnover and decomposition. These
microbes require the expansive diversity of dead and decaying organic matter to provide a
nutrient-rich soil. Decomposition is expedited when multiple organisms can perform the same
function, and some organisms require the presence of other species in order to perform such
tasks (Butchart et al., 2010; Depret et al., 2004; Saleem et al., 2019). A decrease in biodiversity
could limit or eliminate specific microbial functions, decreasing the variety of nutrients found in
the soil and costing manual labor to provide for crops.
Habitat loss and conversion to pastures, farmland, and livestock fields contributes to the
increasing concentrations of greenhouse gases. Though overall methane emissions have been
decreasing in the US, recent literature reports that gaseous waste in the form of methane from
cows and other ruminants is increasing in concentration and impacting the Earth’s atmosphere
(Dannenberg et al., 2006). These data suggest that the increase of farmland and livestock is
6

directly contributing to habitat loss and decreasing biodiversity through increasing global
temperatures and conversion of land. Support for sustainability measures in large-scale livestock
and farming systems already show consideration for this issue as seen by the supplementation
projects in California with feeding cows red seaweed (Asparagopsis taxiformis) (Roque et al.,
2021). Although successful in decreasing the immediate problem of CH4 production, projects
such as these do not address the root problems created by transforming land into farms and
pastures. Instead, it may be more beneficial to consider alternative farm management practices to
those currently in use, as well as novel feed options for both the livestock and the consumers of
livestock products to decrease demand for processes that are harmful to the regional and global
ecology.
1.1.4

Diminishing Waste Created by a Growing Population
Manure produced by poultry and cattle is often composted with leaf litter and other

carbonaceous material; however, regulations must be strictly followed to prevent the spread of
pathogens and other toxic compounds (EPA, n.d.-a). Livestock processing also produces waste in
the form of wastewater from washing, as well as waste associated with producing carcasses.
The issue of nutrition notwithstanding, mitigating food waste is also a current challenge.
The FAO estimates that one-third of all food produced globally is lost or wasted, destined for
landfills where the wasted food will contribute to greenhouse gas emissions through its
decomposition (FAO, 2002a, 2002b, 2011). Many manufacturers have created methods to
maximize the reusability of organic material for feed or fertilizers, but there are concerns as to
how smaller-scale producers and consumers can re-use their waste products (FAO, 2002b).
While food waste can be composted, to avoid the spread of pathogens, proper space and care
needs to be allotted for the processing of compost. Microbially mediated mechanisms drive most
7

of the decomposing of this waste. Domestic compost systems are a perfect example of smallscale reuse of food waste. Some of these systems also seek to use arthropods to accelerate and
enrich microbial composting efficiency (Rebek, n.d.; Tetiroa Society, n.d.; Trautmann, 1996).
If we are seeking to reduce waste, the next question is what happens to these
decomposers? How do we prevent the creation of more food waste by creating a growing
population at each trophic level without just creating more demand for resources at each level?
With the right balance of waste-to-consumers, a more efficient cycle of production can be
created. Ideally, the organic matter produced that is not consumed as intended can be fed to
decomposers that themselves can be used as a secondary means of feed for different populations.
1.1.5

Non-biodegradable Waste
“As of 2015, approximately 6300 Mt of plastic waste had been generated, around 9% of

which had been recycled, 12% was incinerated, and 79% was accumulated in landfills or the
natural environment”(Geyer et al., 2017). As demand increases by increased use of plastic
products, the production of all plastic, reusable or not, will most likely be increase as well (Geyer
et al., 2017).
The largest plastic market is in packaging, and the contribution of single-use plastics
from this category has been steadily increasing since the 1960’s (Geyer et al., 2017). Certain
plastics can also be dangerous if disposed of with “destructive thermal treatment” (An & Moe,
2016; Geyer et al., 2017). The result of these destructive treatments include the release of toxic
and carcinogenic inhalants, such as polychlorinated biphenyl compounds (PCBs) (Geyer et al.,
2017). Plastic debris has also been found in all major ocean basins suggesting that plastic has
permeated even the deepest, most remote places on the planet (Geyer et al., 2017). Since these
products cannot be composted, they get thrown into the trash and disposed of either in landfills
8

or taken out to sea. Currently, 8300 Mt of plastic have been produced to date. The most
commonly used plastics are estimated to take over 400 years to degrade, meaning the waste
created will only continue to compound during our lifetimes (Geyer et al., 2017; Parker &
National Geographic Society, 2019).
There is also growing awareness of a type of plastic pollution known as microplastics that
cycle upward through trophic levels (Kühn et al., 2015). Microplastics are defined as “synthetic
solid particle or polymeric matrices, with regular or irregular shape and with size ranging from
1µm to 5µm, of either primary or secondary manufacturing origin, which are insoluble in water”
(Frias & Nash, 2019).
There is a severe lack of information about the implications of microplastic on
environments and ecosystems; however, concern surrounds the additives intrinsic to many types
of plastics that comprise microplastics (Campanale et al., n.d.). While effects of the consumption
of microplastic on human and animal anatomical systems is not apparent at this time, we have
already taken steps to remove harmful types of plastics such as BPAs from our diets and to
reduce the continued production of other plastic products (Campanale et al., n.d.). To effectively
accomplish this, there is a need to re-evaluate how to manage plastic waste and how to transform
these waste products and pollutants into something that can be positively utilized by the
environment.
As previously mentioned, another example of non-biodegradable waste is polychlorinated
biphenyl compounds (PCBs), commercially-produced organic compounds that, due to accidental
leaks from electrical equipment, or intentional waste burning, have been released into the
environment and now permeate air, soil, and water systems. They have recently been found to
have harsh impacts on entire ecosystems due to their chemical stability. PCBs are fairly heat9

tolerant, do not conduct electricity, and withstand breakdown by acids and bases due to their
hydrophobicity. Because of these properties, PCBs persist in almost any environment to which
they are introduced and build up in organisms as they cycle up trophic levels. Due to their
adverse effects in these systems, PCBs have been classified as a persistent organic pollutant
(POP) (Furukawa, 1994; Kumamaru et al., 1998; Reddy et al., 2019). Given this example, it is
important to evaluate how we handle plastic waste from an ecological standpoint, rather than just
from a chemical stance. One possibility is to harness natural mechanisms of microbial
metabolism with microbes such as Pseudomonas putida (one of a few microbes demonstrating
plastics degradation capability) to cycle plastic products into useable organic compounds
(Kumamaru et al., 1998). Indeed, utilizing microbially-mediated remediation schemes may
reverse damage to ecosystems by providing a source of labor that does not interrupt the regular
processes of the other organisms and substrates involved.
Additional research has been dedicated to the use of insects for organic substrate
recycling. Insects have proven valuable for recycling a variety of organic substrates, including
recalcitrant materials. Some species have also been heavily researched as a means for alternative
protein and lipid production. In fact, insects such as the Black Soldier Fly (BSF, Hermetia
illucens) have shown great promise in this area.

10

1.2

Black Soldier Fly (Hermetia illucens)

Figure 1.1

A photograph of an adult Black Soldier Fly (Hermetia illucens, dorsal view)

The insect is a dipteran, mostly black in color, with lighter endings on the tarsi. It also has
protrusions from its head. This is a non-pest species of black soldier fly.
The black soldier fly (BSF), specifically Hermetia illucens, is one of the 260 species of
the family Stritomyidae in North America. (ITIS - Report: Hermetia Illucens, n.d.; D. C.
Sheppard et al., 2002). This species of BSF is sub-tropical insects and typically lays its eggs in
leaf litter. After four days, the neonates hatch and begin their search for moisture to grow (D. C.
Sheppard et al., 2002). BSF larvae (BSFL) will usually mature into pupae after 10-14 days when
they will reach a size of approximately 2.5-3cm long and 0.5cm wide (Beskin et al., 2018;
BONDARI & SHEPPARD, 1987; Spranghers et al., 2019). During the larval stage, BSF will be
their most active at converting diet to body mass, along with their digestive tract microbes. They
are also considered self-harvesting in this stage because they begin climbing to a higher surface
to pupate away from their larval feeding area, most likely to reach a location with a cooler
temperature range (25-27.5 ˚C) (Gold et al., 2020). The pupal stage can last anywhere from 2
11

weeks to 2 months. Pupae often shed some of their weight as they are largely inactive during this
time. The BSF will also darken during the pupal stage and become a black or dark brown color
(D. C. Sheppard et al., 2002).
BSF are not known to be vectors of any livestock, plant, or human pathogens at any stage
of their life cycle, making them ideal to rear in manufactured settings where animals are often
reared in close quarters, or on small farms and homes. As adults, BSF do not have stingers or
biting mouth parts, therefore they are not considered to be pests(C. Sheppard, 1991; D. C.
Sheppard et al., 2002).
1.2.1

Growing Interest of use of BSFL as Feed and Food
BSFL have recently been approved as feed for swine, poultry, cattle, catfish, and dogs,as

it has been shown that dried, live, or ground larvae provide extensive nutrients to the consumer
(Beesigamukama et al., 2020; BONDARI & SHEPPARD, 1987; Mancini et al., 2021; Swett
Walker, 2018). BSFL have a high protein and lipid content that compares with that of current
supplements such as soy beans and fish meal, which are expensive and can compete with food
security globally though values vary (Onsongo et al., n.d.). Because of their fast life cycle and
their ability to feed on most substrates in small spaces, they are an attractive non-conventional
option to use as feed where there are economic concerns surrounding accessibility of the
aforementioned protein sources.
1.2.2

Logistics of Rearing BSFL
This species of BSFL are normally reared in organic matter such as shredded grain, food

waste, or leaf litter. Recent evidence shows that BSFL are able to reduce human fecal matter and
can be reared in harsh environments that contain high pathogenic potential (Bloukounon12

Goubalan et al., 2020; Lalander et al., 2013). A study done in Kenyan organic waste streams
showed the potential of BSF to benefit poultry farms as protein sources in locations where
traditional mediums of proteins and lipids are difficult to access (Shumo et al., 2008). Because of
this species’ wide habitat range, it is friendly to a wide range of consumers and can be reared in
many homestead settings, not just in industrial farms or hazardous waste zones. Infrastructure for
rearing BSF at smaller scales involve supplies that can be bought in any local hardware store
such as plastic storage containers and PVC pipes. Once larvae have pupated and self-harvested,
they leave behind degraded organic matter and frass that can be processed for use as a soil
amendment or fertilizer (Beesigamukama et al., 2020; Klammsteiner et al., n.d.).
Most agricultural zones in the US align with the natural climate zones for rearing BSF.
Therefore, rearing BSFL on most large-scale farms for on-farm management of animal or other
organic wastes, while simultaneously providing feed would significantly reduce the need for
shipping supplies and potentially reduce feed costs, providing a higher profit to the farmer
(Nations, n.d.; ONU - Organização das Nações Unidas, 2019; Swett Walker, 2018).
1.2.3

BSFL for Insect-Microbe-Mediated Bioremediation
Bioremediation is a viable, cost-effective, and biologically driven technology for removal

of environmental contaminants including heavy metals, radionuclides, xenobiotic compounds,
organic waste, and pesticides from farms, contaminated sites, or industrial discharges. This
technology is an engineered technique that makes use of the ability of organisms (i.e. insects,
bacteria, fungi, and algae) to produce enzymes that catalyze reactions, transforming organic
substrates and hazardous contaminants into innocuous substances. Research activities continue to
uncover new bioremediation technologies, increasing the need for field-level demonstrations,
particularly for on-farm management of manure and other organic wastes; however, many
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bioremediation technologies suffer from a lack of adequate systems for evaluating and
monitoring relevant biological or engineering parameters. Therefore, deciphering organismal
mechanisms for metabolism of organic substrates or recalcitrant compounds has important
implications for understanding ecological adaptation and utility for bioremediation at large-scale.
Recently, a growing body of research suggests insect remediation, or use of insects for
remediating environmental hazards, as another less resource-intensive and environmentally
friendly means of cleaning up hazards in many ecosystems (Bava et al., 2019; Surendra et al.,
2020; Xiao et al., 2018). As mentioned, BSF can reduce matter that is potentially pathogenic and
produce useable products as a result. For instance, one study showed the potential of BSF to
reduce human fecal matter, while additional evidence showed the reduction of chicken fecal
matter into useable nitrogen compounds (Awasthi et al., 2020). Managing sewage and other
organic substances is a main priority when considering concentrated animal feeding operations
of any species into one location. Prolonged exposure to fecal waste increases the risk of infection
from pathogens, especially to barn animals and poultry. Owing to the ecosystem services
provided by both microbes and insects, unifying microbes and the use of insects such as BSF for
on-farm waste management seems not only to be a fiscally reasonable solution to dealing with
organic waste, but also a relatively fast and sustainable means of upcycling the waste (FAO,
2011; Rochman et al., 2016) while reducing space and resources it costs to perform these
functions. Under this zero-waste scenario, waste could be converted to alternative sources of
protein, and digestate-frass could be upcycled for use as soil amendment or fertilizer.
1.2.4

Waste Reduction Capabilities of BSF
The BSF has an amazing ability to assimilate a wide variety of carbon compounds into

body mass and many nitrogen compounds into waste that is easily taken up as fertilizers. Food
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waste sources such as citrus peels, spent brewer’s grain, and shredded agricultural by-products,
all can be degraded by BSFL, preventing the need of these products to accumulate in landfills
and contribute to greenhouse gas emissions (Bava et al., 2019; EPA, n.d.-b). Feeding BSFL
colonies with food waste is also beneficial for inhibiting the oviposition of pest populations, such
as the common house fly (Musca domestica), that would otherwise thrive on these waste sources
(Bradley & Sheppard, 1984) through inter-species competition. While pests such as house flies
also contribute to nutrient turnover and decomposition, they are also vehicles for mechanical and
biological transmission of pathogens (Miranda et al., n.d., 2019). Therefore, reducing these
populations would help manage pathogen transmission while not depriving a food source to
predators of house flies.
BSF have shown great potential to manage sewage across multiple animal species,
including humans (Awasthi et al., 2020; Banks et al., 2014; Lalander et al., 2013). Sewage
management is essential when planning development for growing populations. In order to
prevent the spread of disease and contamination of water sources, careful consideration must be
given to where we store waste and how we treat it. Most sewage is a mixture of solid and liquid
waste that gets mixed in with discarded tap or drainage water and travels to a waste-water
treatment plant (EPA, 1998).
1.2.5

Current Limitations for Application of BSF for Waste Management
One of the few current drawbacks to using BSF on a larger scale for waste management

and protein production is that many of the mechanisms for maximizing growth and organic
substrate conversion by the larvae are unknown. It is also unknown as to how to minimize the
production of volatile ammonia by the larvae, which can be difficult to work from a human
health perspective at industrial scale (Wang & Shelomi, 2017). The volatile ammonia released by
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larval urea is also a large inhibitor of larval frass microbial ecology and could negatively impact
the use of insect frass as a soil amendment or fertilizer. Indeed, several studies report negative
effects of insect frass on plant growth and nitrogen cycling. For instance, Watson et al (2021)
incubated soil with 2.5% of mealworm frass and measured an accumulation of nitrite, harmful to
some microbial activity and a known inhibitor of root growth (Manuel et al., 2021). Their data
also showed nitrite accumulation positively correlated to a relative increase of archaeal gene
copy numbers which they considered as an indicator of enhanced ammonia oxidation through
ammonia oxidizing archaea. Nitrite oxidation was also suggested to be inhibited, suggesting
overall that insect frass influences the soil microbial community with consequences for N
cycling. Studies involving BSF frass has shown mixed effects. Some studies have demonstrated
BSF frass as an effective substitute for conventional fertilizers in field-grown cabbage, maize,
and ryegrass ((Manuel et al., 2021), Quilliam et al., 2020, and Klammsteiner, et al., 2020). On
the other hand, high concentration application of BSF frass negatively impacted maize and
spinach growth (Alattrar et al., 2016). In another study BSF frass soil application showed
increased greenhouse gas emissions compared to controls, thought to be driven by increased
levels of available C and N (Rummel et al., 2021).
Besides treating the larval frass with chemicals that could adversely affect the growth and
behavior of the larvae, one additional solution is to supplement the feedstock of the black soldier
flies with bacteria that could provide health benefits (Smet, Wynants, Cos, & Campenhout,
2018). Some bacterial species have been identified as potential candidates for maximizing
substrate conversion, mass, lipid, amino acid and protein content of the larvae, but few have been
put forth as candidates while also minimizing ammonia release (Bruno, Lelio, & Fillippis, 2019;
Kooienga, 2018).
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Overall, there is very little known about the limitations of larval growth due to space
restrictions and ammonia concentrations at bench-top scale, and even less at industrial scale. We
are also uncertain whether density-dependent effects occur at the microbial level and whether
larval ammonia production will inhibit insect microbiomes or intentionally introduced bacteria. It
will also be important to measure dose effects of bacterial supplementation at both the bench-top
and industrial scale, and whether bacterial supplementation to reduce ammonia will also provide
additive health benefits to the insects, soil, and plants. If we can first establish a relationship
between larval growth patterns and bacterial growth patterns, we may well be able to answer
some of these other questions.
1.3
1.3.1

Pseudomonas putida 3P for Insect-Microbe Mediated Bioremediation
The Genus Pseudomonas – A Broader Context
The genus Pseudomonas (Bacteria; Proteobacteria; Gammaproteobacteria;

Pseudomonadales; Pseudomonadaceae) includes species within Gammaproteobacteria that share
the characteristics of being gram-negative bacilli and having at least one polar flagellum.
Diversity of the genus spans opportunistic mammalian pathogens to plant symbionts.
Pseudomonads include the infamous P. aeruginosa, an opportunistic human and plant pathogen
with an extensive variety of metabolic characteristics that make it a model pathogen for
understanding plant and human immune responses. Some pseudomonads have the capability to
form capsules for protection against chemical or temperature degradation, some can produce
biofilms, complex polysaccharide solutions, for water retention in soils. Most species of
Pseudomonas are aerobic and perform aerobic respiration for energy production, yet some can
still persist in low-oxygen environments. Many soil-dwelling Pseudomonas species also have the
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ability to perform heterotrophic nitrification and form nitrates (NO3-) and nitrites (NO2-) that can
be used in plant development.
1.3.2

Pseudomonas putida as a Plant Stimulant and Biodegrading Agent
Pseudomonas putida is also a saprophytic organism and can be found in decaying organic

matter, and more importantly, some studies have shown different strains of P. putida capable of
breaking down styrene, toluene, and other pollutants previously thought to be non-biodegradable
(Otenio, Silva, Marques, Roseiro, & Bidoia, 2005). In fact, P. putida was the first living
organism that was patented for its capabilities of degrading recalcitrant organic compounds such
as hydrocarbons and plastics (Otenio et al., 2005), underscoring the importance of research to
measure the outcomes of using microbes such as P. putida for organic waste bioremediation and
how the incorporation of insects will impact ecosystem, soil, and crop health. Such basic science
researching this type of methodology, if successful, could be used for future applied studies for
on-farm management of organic wastes for alternative protein and lipid production and could
allow for studies investigating manure co-composting bioremediation of more recalcitrant
materials such as sludge or crude oil.
There is also interest in using the frass from BSF as a source of nitrogen for soil
supplementation (Beesigamukama et al., 2020). Ammonium, nitrates, and nitrites are valuable
nitrogen compounds to major cash crops such as corn (Varco et al., n.d., 2012,), but most is lost
in this system due to the volatilization as ammonia from the disturbance of the frass by the
larvae. It is unknown how P. putida will interact with these compounds to prevent further
volatilization. If mineralization of these ions could be achieved with the help of microbes,
including P. putida, this could promote soil amendment by increasing the yield of useful
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scompounds present in larval frass post larval rearing. For these reasons, P. putida is a widely
used species for degrading recalcitrant organic compounds and also for promoting plant growth.
1.4

Hypothesis, Objectives, and Rationale
We hypothesize that Pseudomonas putida will reduce the amount of volatile ammonia

produced as a byproduct by BSF larvae because of its nitrogen reducing capabilities due to our
knowledge of P. putida mechanisms for nitrogen cycling. Additionally, the expansive substrate
list that P. putida is able to digest might broaden the utility of the BSF when paired together. A
literature review revealed only a few articles concerning microbes associated with BSF (Bruno,
Lelio, & Fillippis, 2019; Kooienga, 2018; Ewald & Al, 2015). Furthermore, we are unaware of
any existing data describing the relative nutritional and ammonia reducing value of P. putida to
BSF. Such information would be valuable to determine whether P. putida, perhaps even in
combination with other bacteria, would provide a sound means of decreasing volatile ammonia.
In order to address the potential increase of greenhouse gas emissions from rearing BSF, it would
be of great interest to determine the effects of addition of P. putida as a frass amendment agent.
We aim to determine if this addition will also bolster the normal growth and waste removing
capabilities of the larvae. It will also be valuable to quantify what effects increasing P. putida
supplementation has on the larvae not only for cost effective reasons (to determine if only one
supplementation dose is necessary to produce increased effects on the aforementioned rates), but
to determine the microbial effects on the gut flora of the larvae by studying the microbial
ecology with double and single supplementation. Pseudomonas putida 3P is a strain that is easily
obtainable from ATCC, is isolated from the environment, and is known to not be pathogenic
(Tayabali, Coleman, & Nguyen, 2015), making it a practical option for small-scale lab
experiments.
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While the literature review conducted provides some insight into the life cycle and
behaviors of BSF on a variety of diets (Bruno, Lelio, & Fillippis, 2019), in a variety of climates
(Engles, 2015), and in an industrial scale versus a bench-top scale (Entofood, 2016; McDougal,
2018; Kooienga, 2018), little is known about the population ecology within the BSF colony,
including population independent or dependent limiting factors. Also, little is known about BSFassociated microbiology. For instance, it is not well understood how microbial amendment of a
BSF substrate changes the environmental resource quality and ecosystem health. Nor is it well
established how microbial introduction into the BSF life cycle affects BSF host-microbe
interactions impacting BSF’s ability to convert food to body mass, produce waste, and enter the
next stages of their life cycle. The correlation between the introduced microbial species and its
competitors in the specific niche of the frass is also not well understood. Other questions include:
How will an intentionally introduced microorganism affect the diversity of the substrate
environment, nutrient cycling and also BSF conversion? Will there be any density-dependent
effects within or between the bacterial populations and the insect populations? Will the
concentrations of ammonia in the frass have an inhibitory or beneficial effect on mortality rates
of bacteria or insects? How will the introduction of P. putida impact the overall nitrogen cycling
of the system? This project seeks to explore methods for approaching these questions and
produce answers for later application.
1.4.1

Hypothesis
It is hypothesized that the addition of P. putida 3P will accelerate decomposition of plant

material, resulting in larger larval mass over time. Larval mass increase will be a result of
increased protein and lipid content, rather than water weight. It is also plausible that P putida 3P
addition could result in higher nitrogen content in remaining frass and decreased ammonium
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(NH4+) production. Overall, addition of P. putida 3P is not anticipated to result in increased
mortality of larval rearing systems.
1.4.2

Objectives
The hypotheses will be addressed with the following objectives: 1. Monitor larval growth

patterns over time in treatments of single or double P. putida doses; 2. Measure volatile
ammonia; Measuring the C:N ratio of the digestate left over after larval rearing; 3. Measure the
energy output of dried larval biomass; 4. Determine efficiency of substrate to larval conversion
to biomass (waste:larval ratios).
1.4.3

Rationale
The rationale for conducting the proposed work is that successful completion will allow

the determination of the impact of P. putida on larval growth, development, and organic
substrate conversion. Resulting C:N ratios and ammonia release will also be measured due to
their importance concerning human, soil, and plant health. These data will provide feasibility to
guide future studies at industrial scale and determine the merit of Pseudomonas supplementation
for insect-microbe bioremediation in this context.
Bench-top experiments have a level of control and analysis that can minimize potential
harmful impacts to entire ecosystems and/or regions. Small-scale approaches to ecological
questions can help us closer examine relationships between organisms that otherwise might be
hidden in larger scale-exploits. Such an approach may have prevented many invasive species
from establishing themselves in the US. For instance, the kudzu vine (Pueraria montana) is an
invasive species of legume from Asia that was originally imported for ornamental purposes, but
its fast-growing and hardy qualities made it an attractive solution to erosion control in the
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1930’s-1950’s. Kudzu is now considered as “the vine that ate the south” because of its fast
growth rate, which is suspected to be supported by abundant nitrifying bacteria in the soil of the
Southeastern US. If more research had been done into the candidacy of kudzu as a means of
erosion control on a small-scale, we might have revealed its potential to quickly spread and
choke out competition for resources with other plants in the region before the vine spread to an
almost uncurable state. While bench-top does not always equate to industrial rearing or
ecological experiments in nature, with appropriate scaling and controls, it is more appropriate to
assume that bench-top results will hold true at larger applications.
1.5

Significance of Research
This research seeks to explain how changing a microbial profile by the addition of one

organism can affect higher order organisms, their environment, and their behaviors, as well as
defining a relationship between them. It is also a first step in determining if there is any utility
for these organisms in the same system while answering important questions about the ecology
between them. Data will also provide a methodology for bench-top rearing of BSF and future
microbial addition experiments, especially those needing to balance larval growth information
with ammonia absorption information.

22

CHAPTER II
MATERIALS AND METHODS
2.1

Insect Colony
Six-day old hatched black Soldier fly (BSF) neonates were obtained from EVO

Conversion Systems LLC. These BSF larvae have a shelf-life of longer than two months without
maturing at this stage.
The experimental design was a 1% scale of a previous industrial-scale experiment
(Kooienga et al., 2020). At the start of the experimental, 9 groups of 133 larvae were rinsed with
deionized water, and randomly distributed into nine, 15.748cm (L)(W) x 31.496cm (H) plastic
containers on top of 360g dry Gainesville diet (a mixture of shredded alfalfa, ground corn meal,
and shredded wheat) (Hogsette, 1992; D. C. Sheppard et al., 2002) mixed with 360ml of cold tap
water.
BSF were reared in an insectary with 70% humidity and up to 30 degrees Celsius with an
average temperature of 28 degrees Celsius as is recommended (Engles, 2015; Wang & Shelomi,
2017). Each treatment group was reared together in 12 hours of light:dark to replicate a day/night
cycle. Because BSF mature into pupae between 10-14 days (Engles, 2015), we harvested the
larvae after 10 days.
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2.2

Bacterial Culture Conditions
Pseudomonas putida 3P (ATCC 31483) was aseptically transferred to 5 L of Lysogeny

Broth (LB), incubated at 30C for 48 hours. The culture was verified as Gram-negative by
standard Gram stain. Following this, one liter of P. putida was aseptically and serologically
pipetted in batches into six 250 ml containers and centrifuged at 5500 rpm for 15 minutes per
batch. The pellet was resuspended in 10 ml LB until all batches were collected in the same
screw-cap container, weighed, then stored at 4C until day one of the experiment. On day one of
the experiment, the culture was vortexed to ensure homogenization followed by serial dilution to
determine stock culture concentration and initial inoculant (mean concentration =1.332x109
CFU/mL across all experiments).
2.3
2.3.1

Experimental Design
Run Experiment
Twelve containers were used to measure outcomes from four treatment groups, with 3

replicates per group. Treatment 1 served as the larval control. Each replicate in group one was
labeled C1, C2, and C3 and contained 133 larvae, 360g of dry Gainesville diet and 360 ml of DI
water. On day one, treatment 1 larvae were randomly distributed to a container and received an
additional 5.3 ml of DI water to serve as a moisture control for the distribution of P. putida to the
bacterial groups. On day three, these replicates receive another 5.3 ml of DI water to prevent
drying. Treatment 2 served as the single P. putida dose group. Each replicate in Group 2 was
labeled P1, P2, P3 and contained 133 larvae, 360g of dry Gainesville Diet, and 360 ml of DI
water. On day one of the experiment, treatment 2 received 5.3 mL (1.635*108 CFU/mL) of the
resuspended P. putida 3P per replicate. This bacterial dose was mixed into wet Gainesville diet
before the larval addition. On day three, these replicates receive an additional 5.3 ml of DI water
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to prevent drying. Treatment 3 served as the double P. putida dose group. Each replicate in
Treatment 3 was labeled P*1, P*2, and P*3 and contained 133 larvae, 360g of dry Gainesville
Diet, and 360 ml of DI water. On day one and day 3, this treatment received 5.3mL of
resuspended P. putida 3P per replicate. Treatment 4 served as the bacterial control group. Each
replicate in Treatment 4 was labeled B1, B2, and B3 and contained 360 ml of DIwater mixed
into 360g of Gainesville diet but did not contain larvae. B-group received 5.3mL P. putida on
day 1 and again on day 3. On day one and day 3, each replicate in Treatment 4 received 5.3g of
resuspended P. putida. Each container was randomly distributed in the insectary shelves to
ensure even light distribution and they were rotated clockwise and switched top and bottom
shelving each day. On day 5, all Treatments and replicates received 60 mL of DI water to
maintain moisture levels necessary for larval development.
Each Treatment replicate container was fitted with acid traps made of 1-inch thick
polyurethane upholstery foam cut in such a way to seal the edges of each container (Figure 2.1).
These sponges, once cut to the appropriate size, were soaked in 20 ml of 2M KCl for 2 hours to
ensure they were clean of any impurities, then rinsed with deionized water and mechanically
squeezed to remove the acid and water. The sponges then sat in 20 ml of 0.73M H3PO4-33%
glycerin solution in a plastic Ziploc bag for 24 hours to reach equilibrium. The sponges were
then gently removed, without wringing, from their plastic bags on day one of the experiment and
randomly distributed to a replicate.
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Figure 2.1

A larval rearing container used in experiments is depicted.

The container is 19.05cm in length and width, and 28.702cm in height. There are 2 sponges (B)
towards the top of the container, with 10cm between the bottom sponge and the top of the frass
to absorb external nitrogen and internal ammonia. The sponges are held up by metal skewers
(A). The larvae (E) are placed in the diet (D) at the bottom of the container. Each container in the
larval treatment groups contains 133 larvae for a maximum of 10 days.
Two sponges were used per replicate; one to sit 10 cm away from the top of the frass, and
one to sit flush with the top of the container in order to prevent outside gaseous contamination
(Figure 1). These sponges were held up by three, 13” metal skewers that were placed diagonally
across the containers.
Larvae were counted and weighed on days three, five, seven, and ten, as described below.
Before counting the larvae, the sponges were removed by lifting the skewers up and gently
sliding the sponges into marked plastic Ziploc bags where they could stay sealed until the larvae
were returned to their respective containers. Once larvae were returned, the foam pieces were
placed back on the skewers and slid back into their spots in each container.
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2.3.1.2

Life History Analysis
Over 10 days, larval mass and mortality were measured on days one, three, five, seven,

and ten by taking the larvae out of the Gainesville diet and rinsing with deionized water and
patting dry, followed by counting and weighing. Larvae were weighed together for each replicate
and put back into their respective containers. Their mass was normalized by dividing the total
mass of one replicate by the number of larvae for that replicate.
Larval frass was weighed in the container and the mass of the plastic was subtracted.
Frass was then mixed thoroughly, and any water or bacteria was mixed in before the larvae were
added back into the container.
On the tenth day of the experiment, after counting and weighing larvae and frass, larvae
were sacrificed into 50 ml centrifuge tubes per replicate via storage in -20 C˚. The frass was
mixed once more, and samples were dispensed into 50 ml centrifuge tubes and put into -20 C˚
for storage. Larval and frass samples were frozen for 24 hours or longer to halt any microbial
activity in the frass and to dispatch larvae. Subsamples of frass were weighed frozen, coated in
liquid 1M H2SO4 to retain any nitrogen compounds that could be lost in the drying process, and
then dried at 65 C˚ for 10 hours or until crumbly with little pressure applied. Frozen larvae were
counted and then put on glass and/or foil trays and dried at 60 C˚ for 24 hours or until flaky to
the touch. Dried samples of frass and larvae were weighed, and water loss was calculated as the
difference between the normalized wet masses and the normalized dry masses.
The top foam of each replicate was discarded. 100 ml of 2M KCl was added to the
bottom foam acid traps in their Ziploc bags for extraction of volatile ammonium. Once these had
reached equilibrium after 24 hours, each sponge was wrung out in a fume hood and the liquid
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sample was collected for ammonium analyses as described below, and deposited into sealed
containers and stored at 4C.
Wet larval mass of run data was analyzed by first normalizing each measurement against
the number of larvae counted at each time point: day 1, day 3, day 5, day 7, and day 10. These
measurements were compared in SPSS using a Mixed ANOVA comparing treatment and time
with a Tukey HSD post-hoc analysis (α < 0.025). Mixed ANOVA was used based on its ability
to compare multiple variables for multiple groups that underwent variable changes independent
of each other. Larval mass was normalized again using the dry mass divided by the number of
larvae that were dried. Because dry masses could only be obtained at day 10 for these datasets, a
One-way ANOVA was used to compare the dry masses of larvae between treatments. Post-hoc
analysis was carried out using a Tukey HSD or Bonferroni analyses (α < 0.025) where
appropriate.
Water loss upon drying was calculated by subtracting the normalized dry masses of
larvae from the normalized wet mass of larvae. These calculations were then compared in a oneway ANOVA with a Tukey HSD post-hoc analysis (α < 0.025) to find any differences between
the means of each treatment group. This experiment was repeated twice for a total of three trials.
Mixed ANOVA was used to determine that trial effects had not occurred with a Tukey HSD
post-hoc analysis (α < 0.025).
2.3.1.3

Time-Point Experiment
Because Run Experiment data only provided samples for ammonia after the 10-day

development period, a second set of containers was set up exactly as described in 2.3.1.2 with
identical treatment across time points for a total of 48 containers. There were 4 total time points
examined in development: a <24 hour, 72 hour, 7-day, and a 10-day time point, with three
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replicates per time point. Each replicate was harvested at its designated time point to collect
samples, analyze larval growth, waste conversion, ammonia production, and frass C and N
content. Life histories were also measured as described in section 3.1.2.
2.4

DNA Isolation and Quantitative PCR for Detection of Pseudomonas putida Over
Time
Three insects per replicate were pooled and homogenized for DNA isolation.

Additionally, 1 mL of homogenized frass was also used for DNA isolation. DNA was isolated
from samples as previously described. (Kooienga, et al 2021). DNA was quantified with a Qubit
2.0 and cleaned using a Qiagen DNA clean-up kit as needed.
For qPCR, primers were designed for specific targeting of the 16S region of
Pseudomonas putida. Primers were designed by aligning 16s sequences of Pseudomonas
retrieved from BLAST and choosing a sequence region specific to P. putida against other
Pseudomonas sequences. Primers and Taqman probe targeting 16S included forward primer: 5’;
AAGCAACGCGAAGAACCTA; reverse primer: 5’AAGGCACCATCCATCTCTG; probe
(VIC fluorophore): VICGGCCTTGACATGCAGAGAACMGBNFQ. A standard curve was
generated using serial dilutions of DNA with known copies of P. putida 16s, created from a
purified plasmid template. Ten-fold dilutions were created for standards using known
concentrations of P. putida 3P. Standards were analyzed in triplicate, samples were analyzed in
duplicate, and qPCR reactions were multiplexed.
Conditions for qPCR included 3L of template, 1 L each of forward and reverse
primers (2.5 M), 2.5 L each of probe (0.125 nM), and 12.5 L Environmental MasterMix
(ThermoFisher). Cycling conditions included an initial melting temperature of 95C for 3
minutes, followed by 40 cycles of 95C for 1 minutes, 55C for 30 seconds, and 72C for 45
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seconds. Standards were run in triplicate and samples were run in duplicate. Positives were only
considered true positives if R2>0.99, with slope between 3.2 and 3.6 with Ct values less than or
equal to 37.0. Samples were rerun in instances where duplicates yielded conflicting data.
2.5

Ammonia Analysis
Aqueous ammonia samples were collected from the acid traps seen in Figure 2.1. Liquid

manually extracted from the foam was homogenized by vortexing and then filtered using a 3 ml
syringe and 0.45µm nylon syringe filter. From this filtered sample, 0.1 ml was diluted into 9.9 ml
of 2M KCl. Each diluted sample was vortexed to ensure acid-base mixture. Triplicates of one
ammonia sample were created by filling sealed test tubes with 3 ml of the diluted sample each
for a total of 36 tubes, all stored at 4 C˚ until ready for use. These samples were then analyzed
using an O.I. Analytical Segmented Flow Analysis (Dillon et al., 2012; O.I. Analytical, n.d.) to
determine ppm of ammonia. For our Run Experiment, we used standards of 0, 5.00, 10.00, 20.00,
and 25.00 ppm. For our Time-Point Experiment, we had a wider variance in ppm detected, so in
order to accommodate finer detection methods, we grouped our first two time-points together
and our last two time points together, using the standards 0.00, 0.3, 0.5, 1.0, 3.0, and 5.0 ppm for
the first group and 0.00, 3.0, 5.0, 10.0, 20.0, 25.0 ppm for the second group. Run data were
compared in SPSS using a One-Way ANOVA with Tukey HSD post-hoc analysis (α < 0.025)
across treatments. Time-point data were compared using a Mixed ANOVA to compare time and
treatment with a Tukey HSD post-hoc analysis (α < 0.025).
2.6

Bomb Calorimeter Analysis
The dried larval samples were ground to approximately 0.5-0.7g sample sizes. These

samples were put through bomb calorimetry in triplicates to obtain energy measurements in
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MJ/Kg of biomass. A bomb calorimeter was used to burn dry samples of larval biomass in the
presence of oxygen. The heat given off by the reaction was measured and converted into MJ/kg,
whichis meant to quantify the potential nutritive quality of the larvae upon consumption. Energy
readings for Run data were compared using a One-Way ANOVA with Tukey HSD post-hoc
analysis (α < 0.025) across treatments. Time-point data were compared using a Mixed ANOVA
to compare time and treatment with a Tukey HSD post-hoc analysis (α < 0.025).
2.7

Total Carbon and Nitrogen, C:N Ratio Determination
Dried frass samples treated with H2SO4 were ground through a Wiley mill using a 20-

mesh filter and dried again at 60 C˚ to remove any moisture collected from the air. These dried
samples were stored in 50mL plastic screw-top containers until ready to be weighed. Subsamples
of the dried and ground frass were weighed to be within 0.4-0.5mg and processed through a total
NC 1500 automated dry combustion analyzer (C. Erba, Milan, Italy), where percentages of
carbon and nitrogen are given as outputs upon combustion of the sample. Readings for carbon
and nitrogen in each of the treatments in run data were compared using a One-Way ANOVA and
readings for Time-point data were compared through a Mixed ANOVA comparing time and
treatment. A Tukey HSD post- hoc analysis was used for all comparisons.
C:N ratios were calculated by dividing the percent carbon by the percent nitrogen in each
sample. The resulting quotients were analyzed using one-way ANOVA with a Tukey HSD posthoc analysis (α < 0.025).
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CHAPTER III
RESULTS
3.1
3.1.1

Endpoint (Run) Experiment
Life History Analysis

Figure 3.1

Average masses of live (wet) larvae by treatment and time intervals with standard
deviation.

At days 5 and 7, P. putida 3P single-dose and double-dose treatments (p<0.001 and p = 0.048,
0.021 respectively in orange as “P-single” and in grey as “P-double”, respectively) yielded larvae
with significantly larger masses than controls.
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Figure 3.2

Dry Larval Mass (in grams) after 10 Days with standard deviation.

There were no significant differences between dry larval mass between treatment groups after 10
days (p=0.101).
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Figure 3.3

Percent Water Loss (in grams) per Larvae upon Drying with standard deviation.

There were no significant differences between treatment groups when comparing the percentage
of water on average one BSFL from three treatment groups loses upon drying after growth for 10
days (p= 0.383).
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Figure 3.4

Conversion ratio of Dried Frass Mass to Dried Larval Mass after 10 days with
standard deviation.

These ratios represent the conversion of frass to larval body mass across treatments after 10 days
of larval rearing. While the P. putida-single and the double doses yielded a higher waste to larval
biomass conversion than controls, there were no significant differences between treatments.
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3.1.2

Quantitative PCR for Detection of Pseudomonas putida Over Time

Figure 3.5

Mean Concentration Pseudomonas putida across Frass and Larval Treatments at
Day 10 with standard deviation.

P. putida was detected across all frass treatments on day 10 and was in higher concentration in
non-larval treatments than larval samples. The bacteria-only frass treatment had the highest mean
concentration of 2.61*108 GU/mL, followed by the double dose of P. putida (1.72*108 GU/mL),
single P. putida dose (1.46*108 GU/mL), and control treatment (1.18*108 GU/mL). There were
no statistically significant differences between frass treatments, but high variation was found
across treatments and a decrease in concentration from initial inoculum of 7.05 * 108
CFUs/5.3mL.P. putida was detected across all larval treatments on day 10. The double dose of P.
putida had the highest concentration (1.00*107 GU/mL), followed by control treatment (3.04*106
GU/mL), and single P. putida dose (1.86*106 GU/mL). There were no statistically significant
differences, but high variation across treatments.

36

3.1.3

Ammonia Concentrations

Figure 3.6

Mean Ammonia Concentration (ppm) Detected Across Treatments After 10 days
with standard deviation.

Single-dose treatment with P. putida (P-Single) showed significantly higher concentrations of
ammonia than all other groups (p <0.001 for all). Double-dose P. putida treatments (P-Double)
showed a significantly higher concentration than both larval control group (Control) and
bacterial control group (Bac) (p <0.001, p = 0.001, respectively). Significantly higher ammonia
was detected from the larval control group than from the bacterial control group (p<0.001).
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3.1.4

Bomb Calorimetry

Figure 3.7

Mean Energy Output (MJ/Kg) of Larval Biomass After 10 days with standard
deviation.

There were no significant differences in energy output between treatment groups after 10 days of
larval rearing (p=0.823).
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3.1.5

Wet and Dried Frass Mass

Figure 3.8

Wet Frass Mass (g) By Treatment Group After 10 Days with standard deviation.

The bacterial control group (Bac) had significantly higher wet frass mass after 10 days than all
larval treatment groups (p <0.001 for all).
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Figure 3.9

Dry frass mass (g) per treatment group after 10 days with standard deviation.

Bacterial control group (Bac) had significantly more dry frass mass remaining after 10 days than
all larval treatment groups (p <0.001 for all).
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3.1.6

Total Carbon and Nitrogen and C:N Ratios

Figure 3.10

Average Percent Carbon Remaining in Frass After 10 Days Across Treatments
with standard deviation.

The average percent carbon remaining in the frass after 10 days did not differ between treatment
groups (p= 0.814).
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Figure 3.11

Average percent Nitrogen Remaining in Frass After 10 Days Per Treatment Group
with standard deviation.

Bacterial controls (Bac) had significantly more nitrogen remaining in frass after 10 than all larval
treatment groups (p = 0.038, 0.008, 0.017, respectively).
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Figure 3.12

C:N Ratio Per Treatment in Frass After 10 Days with standard deviation.

Bacterial controls (Bac) had a significantly lower C:N ratio than all other treatment groups (p =
0.008, 0.002, p<0.001, respectively).
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3.2
3.2.1

Time Point Experiment
Life History Analysis

Figure 3.13

Wet (live) Larval Mass by Treatment Over Time with standard deviation.

At less than 24 hours 7 days, and 10 days, larval controls (Control) had significantly larger wet
mass per larvae compared to the P. putida double-dose treatment group (P-Double, p<0.001). At
10 days, the Control group had a significantly larger mass per larvae than the P-Single treatment
group (p = 0.018).
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Figure 3.14

Dry Larval Weights by Treatment Group over Time with standard deviation.

At less than 24 hours, Control group, on average, had a significantly higher dry mass per larvae
than both P. putida treatment groups, p = 0.015,0.006. At 7 days both Control group and PSingle group had significantly higher normalized dry masses than P-double group, p = 0.001,
0.016, respectively.
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Figure 3.15

Mean Percent Water Loss of Dried Larvae Over Time with standard deviation.

Both the Control and single P. putida dose (P-Single) lost significantly more water than the P.
putida double dose (P-Double) treatment group (both p<0.001) after less than 24 hours upon
drying. At 72 hours, the P-Single group had the highest percent of water lost upon drying than
both the Control and P-double treatment groups (p = 0.040 and p<0.001, respectively). Control
larvae lost significantly more water upon drying than larvae among the P-Double treatment at 72
hours (p = 0.007). At 10 days, Control larvae lost the highest percentage of water upon drying
than both P. Putida treatment groups.
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Figure 3.16

Conversion of Dried Frass Mass to Dried Larval Mass Over time with standard
deviation.

The Control group measured a significantly higher conversion of frass to larval body mass
(dried) in less than 24 hours compared to both P. putida treatment groups (p = 0.006 for P-single
and 0.004 for P-double), though was not significantly different across groups at 72 hours. At 7
days, the Control group had a significantly higher conversion of frass to larval body mass than
both P. putida groups (p = 0.014 for P-single and p=0.018 for P-double).
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3.2.2

Quantitative PCR Analysis of Pseudomonas putida 3P Over Time

Figure 3.17

Detection of Pseudomonas putida 3P Over Time across Frass Treatments with
standard deviation.

P. putida was detected across all frass treatments and timepoints. Overall, the single P. putida
had the highest mean concentration over time (8.58*1010 GU/mL at 72H, 9.46*1010 GU/mL at
7D, and 1.29*1011 GU/mL at 10 days), followed by the Bacterial treatment (2.59*1010 GU/mL at
72H, 9.19*1010 GU/mL at 7D and 7.10*1010 GU/mL at 10D). The double P. putida dose showed
lower concentration over time (8.83*109 GU/mL at 72H, 9.51*108 GU/mL at 7D and 4.24*109
GU/mL at 10D). The control treatment measured the lowest concentrations over time (2.62*108
GU/mL at 72H, 2.44*108 GU/mL at 7D, and 2.68*108 GU/mL at 10D). There were no
statistically significant differences, but high variation across treatments and a steady decline in
concentration over time.
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Figure 3.18

Mean Concentration Pseudomonas putida across Frass Treatments over Time with
Standard Deviation.

P. putida was detected across all larval treatments and timepoints. Overall, the single P. putida
treatment measured the highest concentration over time (1.9*1010 GU/mL at 72H, 3.82*1010
GU/mL at 7D, and 8.88*109 GU/mL at 10 days). The double P. putida dose showed lower
concentration over time (3.96*108 GU/mL at 72H, 1.59*108 GU/mL at 7D and 1.89*109 GU/mL
at 10D). The Control treatment measured similarly over time to the double P. putida dose
treatment (6.15*108 GU/mL at 72H, 7.00*108 GU/mL at 7D, and 3.09*108 GU/mL at 10D).
There were no statistically significant differences at 72H and 10D. However, there was a
significant Time X Treatment effect at 7D where P. putida concentrations in the single P. putida
dose treatment were statistically significantly higher than both the control and double P. putida
dose treatment (p=0.001 for both according to Mixed ANOVA analyses).
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3.2.3

Ammonia Concentrations

Figure 3.19

Ammonia (ppm) Concentration By treatment Across Early Time Points (<24
Hours and 72 Hours) with standard deviation.

Larval Controls and Bacterial Controls showed significantly lower concentrations of detected
ammonia at less than 24 hours (p<0.001 across all), Bacterial Control groups had significantly
higher ammonia concentrations than Larval Controls in less than 24 hours (p<0.001). At 72
hours, the P-Single treatment had significantly higher ammonia concentrations than both Control
groups (p = 0.003 for Larval Controls and p-=0.009 for Bacterial Controls).
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Figure 3.20

Ammonia (ppm) by Treatment at Late Time Points (7 Days and 10 Days) with
standard deviation.

At 7 and 10 days, the Larval Control group yielded significantly higher ammonia concentrations
than all other treatment groups (p = 0.040, 0.049, 0.030 at 7 days and p <0.001, 0.001, p = 0.005
at 10 days for P-single, P-double, and Bacterial Control, Bac respectively). At10 days, the
Bacterial Control group also yielded higher ammonia concentrations than both P. putida
treatment groups (p = 0.021 for P-single and p < 0.001 for P-double).
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3.2.4

Bomb Calorimetry

Figure 3.21

Average Energy (MJ/Kg) of Dried Larvae Over Late Time Points (Day 7 and Day
10).

At day 7, the Larval Control group yielded significantly higher energy per biomass than both P.
putida treatment groups (p = 0.015 and 0.001 for P-Single and P-Double, respectively) and at
Day 10 Larval Controls yielded significantly higher energy per biomass more than the P-Double
treatment (p = 0.028).
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3.2.5

Total Carbon and Nitrogen and C:N Ratios

Figure 3.22

Average Percent Carbon Remaining in Frass Over Time with standard deviation.

At less than 24 hours, frass from the Bacterial Control group yielded significantly higher carbon
than the Larval Control group (p= 0.037). At 3 days (72 hours), P-Double and Bacterial Control
groups both yield higher carbon than the P-Single treatment group (p = 0.032 and 0.034 against
the P-Double and Bacterial Control groups, respectively). At days 7 and 10, the P-Single
treatment group yielded the lowest percent carbon out of all treatment groups (Day 7 p = 0.024,
0.024, 0.009; Day 10 p – 0.002, 0.020, <0.001, Control, P-Double, Bac, respectively). Both
control groups yielded higher percent carbon than P-Double treatment group at day 10 (p =
0.018, <0.001).
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Figure 3.23

Percent Nitrogen Remaining in Frass Over Time with standard deviation.

There were no significant differences within the less than 24H timepoint, but, at 3 days, the PSingle treatment group yielded a higher percent nitrogen than both the Larval and Bacterial
Control groups (p = 0.004 and 0.005 for [Larval] Control and Bacterial Control, respectively). At
day 7, frass from the P-Single treatment group had a significantly higher percent of nitrogen
remaining than all other treatment groups (p = 0.001, 0.012, and 0.090 for [Larval] Control, PDouble, and Bacterial Control, respectively).
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Figure 3.24

The C:N Ratio of Dry Frass Across Treatments Over Time with standard
deviation.

There were no significant differences at less than 24H, but at 72 hours, the P-Single treatment
group had a significantly lower C:N ratio than either the Larval or Bacterial Control groups (p =
0.003 for both groups). At day 7, Bacterial Control and P-Single groups had a significantly lower
ratio than larval controls (p = 0.020 and 0.001, for Bacterial Control and P-Single, respectively).
The P-Double treatment group also had a significantly larger C:N ratio than the P-Single
treatment group (p = 0.011) at day 7. There were no significant differences between treatments
at 10 days.
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CHAPTER IV
DISCUSSION
4.1

Larval Mass and Energy
Overall, there were few effects of P. putida supplementation on larval growth or

measured energy in the Run experiment. In fact, larvae within the single and double P-putida
dose treatments from the Run experiment converted roughly 1.15X more waste:biomass when
measured at the 10 day timepoint, though this was not statistically different from the Control
group. Both single and double-dose larval treatments from the Run experiment measured
significantly higher mass (1.5X) than controls on days 5 and 7, but no significant difference
between larval mass at 10 days, suggesting that, in the Run experiment, P. putida treatment
groups grew significantly larger and faster than controls. This could have positive implications
for decreasing rearing time of larvae to achieve optimum biomass for feed and could ultimately
decrease economic costs by increasing profit from faster production. Likewise, dry larval mass
data also showed mass is conserved and is not lost as water weight which could also contribute
to more value per unit of production.
A different outcome occurred with the Time point larval mass data on day 7, where larval
mass decreased as the concentration of P. putida increased, suggesting a P. putida dose response.
Control larvae measured higher larval masses compared to either P. putida treatment, though was
not statistically different from the P. putida single dose treatment; however, the control larvae
measured significantly higher larval mass than the double P. putida dose treatment. Additionally,
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the Control group showed a significantly higher conversion of frass to larval biomass across most
timepoints.
Comparisons of data between the Run and Timepoint experiments suggest that with
periodical interruptions in the larval rearing system (i.e. removal of top and homogenization of
system), P. putida treatment groups produce larger dried larval masses but the opposite is true
when the system is left alone for the same amount of rearing time. Overall, these data suggest that
aeration is a positive driver for larval growth, and a lack of aeration, along with ammonia or other
compound accumulation in the P. putida treatment groups during the Timepoint experiment, could
have impacted the larval mass, measured energy, and frass to biomass conversion. This is an
important consideration depending on the desired end product and utility. Furthermore, a large
portion of aeration often comes from larval movement at industrial scale, so it remains to be seen
whether the same results would occur under mass rearing conditions.
4.2

Frass Mass and C:N Ratios
Frass mass was used as an indicator of water loss and consumption by larval groups. Both

Run data and Time-point data showed that the Bacterial Control group was the only treatment that
yielded a larger frass weight, whether wet or dry, suggesting larval groups had a major impact on
decreasing frass mass as larval consumption. Furthermore, frass mass was not significantly
different across larval groups. The Bacterial Control treatment substrate also contained a
significantly higher percent nitrogen than the larval treatments, though there was no difference in
the percent carbon remaining across any of the groups. This high rate of assimilation of C and N
into larval biomass prevents further transformation of these compounds into greenhouse gases,
though N was also likely lost from the system as volatilized ammonia in the larval groups, as
detailed below. Because our bench-top model was measured to be a 1% scale of an industrial-sized
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rearing tray, and assuming a linear relationship between population size and ammonia
concentrations produced, we can estimate from our data that ammonia concentrations could be
well over 3.0 * 106 ppm. This concentration would no doubt limit larval growth and behavior just
as high concentrations limit other organisms’ growth (Dillon et al., 2012; Yu et al., 2011).
4.3

Ammonia
Within the Run experiment, data showed that P. putida treatments had the highest

concentrations of volatile ammonia, followed by larval treatments overall compared to the Bacteria
only treatment. These data suggest that P. putida does reduce volatile ammonia within the
substrate, but that larval activity along with P. putida addition had an additive effect on volatile
ammonia.
This was not true within the Timepoint data of ammonia concentrations. Consistent with
literature on mechanical agitation of rhizosphere-associated bacteria (Depret et al., 2004; PulidoSuárez et al., 2021), physical disruption may be inhibiting the nitrogen, and potentially carbon,
metabolic pathways of P. putida 3P, resulting in higher concentrations of ammonia. Additionally,
nitrogen concentrations may be exceeding ammonification capacity of P. putida. However, it is
more likely that high concentrations of ammonia are volatilizing from larval frass as indicated by
previous literature (Green & Popa, 2012; Rummel et al., 2021). This may be amended by adjusting
the dose of P. putida added but monitoring larval health will be essential with any change in
dosage. This discrepancy between volatile ammonia concentrations and experimental design merit
further investigation. It will also be interesting to measure relative abundance of other microbial
consortia that are present within the larvae and frass substrate.
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4.4

Detection of P. putida across Time Points and Treatments
P. putida was detected in all of the treatment groups across time, which includes both

Control groups. It was not surprising to find P. putida in the control groups where the source was
most likely due to the grain-based substrate, that was then consumed by the larvae. Based on the
Timepoint experiment, there did not seem to be an impact of environmental conditions within the
substrate on P. putida concentrations over time, though the high variation in the samples and
treatments prevent any statistically significant inferences. On the other hand, the increased
variation does have implications for understanding the impact of sub-sampling in this context, and
also suggests larval community dynamics exist within the substrate environment that were not
measured here.
4.5

Future Directions
Repeating trials with different dosing and timing for addition will reveal finer details about

P. putida addition to this system. For instance, supplementation did seem to have an effect on
decomposition rates and nitrogen cycling. Detecting which specific compounds are present
throughout the course of the experiment, would allow the development of a better picture of how
N is being cycled on a small scale.
It is also necessary to refine methods for differentiation between species of Pseudomonas
present in our plant-based larval diet. It is unsurprising to find concentrations of P. putida in control
groups since it is a plant-associated microbe normally, but such high concentrations may suggest
amplification of other species within the genus.
Further, a major objective of this work was to measure volatile ammonia that was produced
as a result of our experimental conditions. In order to measure volatile ammonia, a closed system
for trapping volatile ammonia was necessary, which most likely impacted overall larval health and
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fitness. It would also therefore be worthwhile to measure P. putida amendment into the BSF
substrate in an open system for comparison of larval growth and digestion. Ammonia methods for
now, are constrained by larval health concerns. Additionally, the Timepoint experiment was a pilot
study, only performed once, and should be repeated in order to determine whether data remain the
same and to further explain discrepancies between the Run/Endpoint and Timepoint Experiments.
We also hope to explore these methods on an industrial scale in future attempts to
determine if similar patterns arise as observed in this study. Perhaps constraints on larval health
and ammonia volatilization may be bypassed on a larger scale, allowing examination of broad
impacts of supplementation with P. putida on ammonia concentrations and N compounds in
larval frass. However, we must also consider that BSFL are accustomed to growing in large
populations together and so this scaling may not be capturing an accurate picture of larval
behavior with supplementation. It will be worth wile to tease out scaling effects in the future.
The microbiology of this project also needs further investigation into key nitrogencycling genes. We aim to test for the presence of genes such as the nap group, which are
important for nitrification, in anaerobic oxidizing bacteria and archaea. In comparing the
concentration of nitrogen-cycling genes to nitrogen compound presence over time, we can make
better assumptions about how nitrogen is being cycled in this system.
With these amendments and future experimental designs, we hope to better define a
relationship between P. putida 3P and BSFL and further understand the implications of
supplementation of these insects.
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